Introduction: Although major changes of the immune system have been described in sepsis, it has never been studied whether these may differ in relation to the type of underlying infection or not. This was studied for the first time.
Introduction
The incidence of sepsis has dramatically increased over the past decade. It is estimated that 1.5 million people in the USA and another 1.5 million people in Europe present annually with severe sepsis and/or septic shock: 35 to 50% of them die. The enormous case-fatality had led to an intense research effort to understand the complex pathogenesis of sepsis and to apply the acquired knowledge in therapeutic interventions of immunomodulation [1] . The majority of trials of application of immunomodulatory therapies have failed to disclose clinical benefit probably as a result of the incomplete understanding of the mechanisms of pathogenesis [2] . Populations of patients enrolled in these trials were heterogeneous regarding the type of underlying infection.
Sepsis is accompanied by considerable derangements of both the innate and adaptive immune systems. Changes such as apoptosis of CD4-lymphocytes and of B-lymphocytes and immunoparalysis of monocytes are well recognized among septic patients [3] [4] [5] [6] . However, all studies performed so far consider all septic patients to have similar changes of their immune response irrespective of the type of infection that stimulated the septic reaction. If the immune response between septic patients differs in relation to the underlying infection, then many of the disappointing results of clinical trials of immunomodulation may be explained.
The present study was a prospective study undertaken by departments participating in the Hellenic Sepsis Study Group [7] . The aim of the study was to identify if the early statuses of the innate and adaptive immune systems of septic patients differ in relation to the underlying type of infection stimulating the septic response.
Materials and methods

Study design
This prospective multicenter study was conducted in 18 hospital departments across Greece between January 2007 and January 2008. Participating departments were: seven ICUs; six departments of internal medicine; one department of pulmonary medicine; three departments of surgery; and one department of urology. A total of 505 patients were enrolled. Written informed consent was provided by the patients or their first-degree relatives for patients unable to consent. The study protocol was approved by the Ethics Committees of the hospitals of the participating centers. Every patient was enrolled once in the study. Patients admitted to the emergency departments, hospitalized in the general ward or the ICU were eligible for the study.
Inclusion criteria were: a) age above 18 years old; b) diagnosis of sepsis, severe sepsis or septic shock; c) sepsis due to either acute pyelonephritis, lower respiratory tract infections, intraabdominal infection, or primary bacteremia; and d) blood sampling within less than 24 hours from the advent of signs of sepsis. The latter inclusion criterion for patients admitted in the emergency departments was defined by their case-history.
Exclusion criteria were: a) HIV infection; b) neutropenia defined as an absolute neutrophil count lower than 1,000 neutrophils/mm 3 ; or c) chronic intake of corticosteroids defined as any daily oral intake of 1 mg/kg or more of equivalent prednisone for more than one month. Patients with chronic obstructive pulmonary disease under systemic oral intake of corticosteroids were excluded from the study irrespective of the administered dose regimen.
Sepsis was defined as the presence of a microbiologically documented or clinically diagnosed infection with at least two of the following [8] : a) core temperature above 38°C or below 36°C; b) heart rate of more than 90 beats per minute; c) respiratory rate of more than 20 breaths per minute or partial pressure of carbon dioxide below 32 mmHg; and d) leukocytosis (white blood cell count >12,000/mm 3 ) or leukopenia (white blood cell count <4,000/mm 3 ) or more than 10% bands in peripheral blood.
Severe sepsis was defined as sepsis aggravated by the acute dysfunction of at least one organ due to tissue hypoperfusion [8] . Septic shock was defined as severe sepsis aggravated by systolic arterial pressure of less than 90 mmHg requiring administration of vasopressors [8] .
Acute pyelonephritis was diagnosed in every patient with all the following [9] : a) core temperature above 38°C or below 36°C; b) lumbar tenderness or radiological evidence consistent with the diagnosis of acute pyelonephritis; and c) 10 or more white blood cells per high-power field of spun urine or 2+ or more in dipstick test for white blood cells and nitrates.
Community-acquired pneumonia (CAP) was diagnosed in every patient who was not hospitalized for the past 90 days and who was presenting with all the following [10] : a) core temperature above 38°C or below 36°C; b) white blood cell count of more than 12,000/mm 3 ; and c) lobar consolidation in chest x-ray.
Hospital-acquired pneumonia (HAP) was diagnosed in every patient who presented with the following signs at least 48 hours after admission and that were absent upon admission: a) new infiltrate in chest x-ray; and b) clinical pulmonary infection score of 6 or more as defined elsewhere [11] .
Ventilator-associated pneumonia (VAP) was diagnosed as HAP presenting in every patient intubated for more than two days with all the following [12] [13] [14] : a) core temperature above 38°C or below 36°C; b) purulent tracheobronchial secretions; and c) new chest x-ray infiltrates.
Acute intraabdominal infection was diagnosed in every patient presenting with all the following signs [15] : a) core temperature above 38°C or below 36°C; b) white blood cell count of more than 12,000/mm 3 ; and c) radiological evidence on abdominal ultrasound or abdominal computed tomography consistent with the diagnosis of intraabdominal infection.
Primary bacteremia was diagnosed in every patient presenting with all the following [11] : a) peripheral blood culture positive for Gram-positive or Gram-negative bacteria; and b) absence of any alternative site of infection consistent with the pathogen cultured in blood. Isolates of coagulase-negative Staphylococcus species or of skin flora isolated from single blood cultures were not considered pathogenic.
Patients were followed-up for 28 days and outcome was recorded. For every patient a complete diagnostic workout was performed comprising history, thorough physical examination, blood cell counts, blood biochemistry, blood gas, blood culturing from peripheral and central lines, urine cultures, chest x-ray, and chest and abdominal computed tomography or ultrasound if considered necessary. If necessary, quantitative cultures of tracheobronchial secretions or bronchoalveolar lavage were performed and interpreted as already defined [12] .
Blood sampling and laboratory procedure
Within less than 24 hours from the advent of signs of sepsis, 5 ml of blood was sampled by venipuncture of one forearm vein under sterile conditions from every patient. In order to investigate if transportation of EDTA-blood samples may alter the expression of the tested surface antigens, 10 ml of blood were sampled from another nine patients, four with sepsis and five with severe sepsis/ shock, all hospitalized in the fourth Department of Internal Medicine at ATTIKON General Hospital of Athens. An aliquot of 5 ml was immediately processed as for any sample. Another 5 ml aliquot was given to the courier service mentioned above for transportation; it was returned to the central laboratory after seven hours. The aliquot was then processed again.
Statistical analysis
Results were expressed as means ± standard error (SE). As patients with different types of infections differed significantly regarding severity (Table 1 ) results were expressed separately for patients with sepsis and for patients with severe sepsis/shock. Comparisons of baseline qualitative characteristics were performed by chisquared test. Comparisons of quantitative variables were performed by analysis of variance (ANOVA) with posthoc Bonferroni adjustment for multiple comparisons to avoid random correlations. Whenever significant differences were disclosed, it was also tested whether these differences were related to final outcome. Results of processing of aliquots immediately after blood sampling and after seven hours of courier transportation were compared by paired t-test. Any value of P below 0.05 was considered significant.
Results
Demographic and clinical characteristics of patients enrolled in the study are shown in Table 1 : 183 patients presented with acute pyelonephritis; 97 with CAP; 100 with intraabdominal infection; 61 with primary bacteremia; and 64 with VAP/HAP. Streptococcus pneumoniae was isolated either from blood or sputum of seven patients with CAP. Among 100 patients with intraabdominal infections, 28 were suffering from acute ascending cholangitis, 22 from secondary peritonitis after bowel perforation, 22 from acute appendicitis, 12 from liver abscesses, 10 from acute cholocystitis, and six from acute diverticulitis. Six patients with acute cholangitis and two with liver abscesses had secondary Gram-negative bacteremia (Table 1) . When acute physiology and chronic health evaluation (APACHE) II score and co-morbidities were compared separately for patients with sepsis and separately for those with severe sepsis/shock no differences were found between different types of infection.
Characteristics of innate immunity in relation to the underlying infection
No effect of the courier transportation was found in the nine processed samples ( Table 2) . Expression of HLA-DR on monocytes and the rate of apoptosis of monocytes did not differ between patients with different types of infection in relation to sepsis severity ( Figure 1 ). However regarding patients with acute pyelonephritis and intraabdominal infection, expression of HLA-DR was significantly decreased among patients with severe sepsis/shock compared with patients with sepsis (P of comparisons 0.014 and 0.011, respectively, after adjustment for multiple comparisons). Similar difference was found regarding the rate of apoptosis of monocytes of patients with acute pyelonephritis (P < 0.001 after adjustment for multiple comparisons). From the above differences the only one related with final outcome was expression of HLA-DR on monocytes of patients with acute pyelonephritis. Mean ± SE CD14/ HLA-DR co-expression of survivors was 79.2 ± 1.99% and of non-survivors 58.2 ± 14.20% (P = 0.011 after adjustment for multiple comparisons).
Regarding patients with sepsis, absolute counts of NK cells were greater among those with CAP compared with the other underlying infections (P = 0.018 by ANOVA, Figure 2 ). In patients with VAP/HAP and severe sepsis/ shock, the rate of apoptosis of NK cells differed significantly compared with patients with VAP/HAP and sepsis (P < 0.001 after adjustment for multiple comparisons). Among patients with acute pyelonephritis or primary bacteremia or VAP/HAP and severe sepsis/shock, the rate of apoptosis of NKT cells differed significantly compared with the rate of apoptosis of patients with similar infections and sepsis (P of comparisons 0.035, 0.024 and 0.003, respectively, after adjustment for multiple comparisons).
Characteristics of adaptive immunity in relation to the underlying infection
Regarding patients with sepsis, absolute counts of CD8-lymphocytes and their rate of apoptosis were greater among patients suffering from intraabdominal infections compared with patients suffering from other infections (P of comparisons 0.008 and 0.001, respectively, by ANOVA, Figure 3 ). Among patients with CAP or intraabdominal infections and severe sepsis/shock, absolute counts of CD4-lymphocytes were significantly decreased compared with patients with CAP or intraabdominal infections and sepsis (P of comparisons 0.024 and 0.027 after adjustment for multiple comparisons). In severe sepsis/ shock due to CAP, absolute counts of CD8-lymphocytes were significantly decreased compared with CAP and sepsis (P = 0.014 after adjustment for multiple comparisons). The rate of apoptosis of CD8-lymphocytes was significantly decreased among patients with intraabdominal infections and severe sepsis/shock compared with patients with intraabdominal infections and sepsis (P = 0.050 after adjustment for multiple comparisons). Mean ± SE absolute CD4-lymphocyte count of survivors with CAP was 965.4 ± 179.4 mm 3 and of non-survivors with CAP 414.3 ± 126.9 mm 3 (P = 0.019 after adjustment for multiple comparisons). Mean ± SE absolute CD8-lymphocyte count of survivors with CAP was 411.5 ± 83.5 mm 3 and of non-survivors with CAP 169.0 ± 47.1 mm 3 (P = 0.015 after adjustment for multiple comparisons).
Absolute counts of B-lymphocytes were significantly decreased among patients with CAP and severe sepsis/ shock compared with CAP and sepsis (p: 0.003 after adjustment for multiple comparisons; Figure 4 ). Mean ± SE absolute B-lymphocyte count of survivors with CAP was 137.1 ± 34.2 mm 3 and of non-survivors with CAP 56.9 ± 17.1 mm 3 (P = 0.042 after adjustment for multiple comparisons).
Characteristics of innate and adaptive immunity in relation to the implicated pathogens
In order to study if the described differences are related to the type of implicated bacterial species, groups of infections by bacterial species are defined. Results are shown in Figures 5, 6 , 7 and 8. Regarding patients with sepsis infected by isolates of Klebsiella pneumoniae and Acinetobacter baumannii expression of HLA-DR on monocytes was lower compared with patients infected by other isolates (P = 0.023 by ANOVA). Such differences were not found among patients with severe sepsis/shock ( Figure 5 ). The rate of apoptosis of monocytes was lower among patients infected by A. baumannii and severe sepsis/shock compared with patients infected by A. baumannii and sepsis (P = 0.042 after adjustment for multiple comparisons).
No differences were encountered among patients infected by different bacterial species regarding NK cells, NKT cells, CD4-lymphocytes, CD8-lymphocytes, B-lymphocytes and their rates of apoptosis ( Figures 6, 7 and 8 ).
Discussion
The great rate of mortality associated with severe sepsis and septic shock has stimulated research to try to understand the complex pathogenesis. Numerous randomized clinical trials have been conducted with the administration of agents modulating the immune response of the host. Results of these trials were controversial. It has been hypothesized that part of this controversy is due to the enrolment of heterogeneous patient populations [2] . Pathogenesis of sepsis has been studied under the assumption that all types of infection may stimulate a similar inflammatory reaction.
No study similar in design to the current study has been published, at least to our knowledge, to try to compare the early innate and adaptive immune responses of septic patients with different types of infection. Early innate immune response of the septic host comprises recognition of well-conserved structures of the offending pathogens, known as pathogen-associated molecular patterns (PAMPs), by pattern recognition receptors (PRRs) located either in the cell membrane or inside the cytoplasm of blood monocytes and tissue macrophages. Endotoxins of the cell wall of Gram-negative bacteria and peptidoglycan of the cell wall of Gram-positive cocci are among the best studied PAMPs. The best studied PRRs are toll-like receptors (TLRs) that are transmembrane receptors of blood monocytes and tissue macrophages; once stimulated by their agonists they produce proinflammatory cytokines [15] . When monocytes of the septic host are stimulated ex vivo they fail to produce a similar amount of cytokines as monocytes of the nonseptic host. This phenomenon is called immunoparalysis and it may be accompanied by cellular apoptosis. In a recent study by our group, monocytes were isolated from 36 patients with sepsis due to VAP and compared with 32 patients with sepsis caused by other types of infections. Patients were well matched for disease severity. The rate of apoptosis of monocytes was greater among patients with sepsis due to VAP than sepsis of other etiology. Among patients with VAP, immunoparalysis of monocytes was linked with unfavorable outcome, which was not found among patients with sepsis of other etiology [16] . Expression of TLRs was not assessed in the present study. Instead activation of monocytes was assessed by the expression of HLA-DR on the cell surface; decrease of CD14/HLA-DR co-expression is considered an index of immunoparalysis and bad prognosis [17] . The latter decrease was only shown for patients with severe sepsis/ shock due to acute pyelonephritis and acute intraabdominal infections (Figure 1 ). Sequential results of both animal and human studies favor a detrimental role for NK cells in sepsis. Murine models of pneumococcal pneumonia [18] , multiple trauma [19] and abdominal sepsis [20, 21] reveal that depletion of NK cells prolongs survival and attenuates the systemic inflammatory reaction whereas the presence of NK cells is consistent with amplification of the inflammatory reaction. This is indirectly shown in humans after measurement of serum concentrations of granzymes A and B that are released after activation of NK cells. Concentrations of granzymes A and B are increased in healthy volunteers subject to experimental endotoxemia and in patients with melioidosis and bacteremia [22] .
Increase of the absolute counts of NK cells was a profound change of sepsis due to CAP. The rate of apoptosis of NK cells and of NKT cells was more increased among patients with VAP/HAP and severe sepsis/shock than among those with VAP/HAP and sepsis. That was also the case for the rate of apoptosis of NKT cells among patients with primary bacteremia, whereas the opposite was found regarding the rate of apoptosis of NKT cells among patients with acute pyelonephritis (Figure 2) . Whether the increase of NK cells in CAP is related to the underlying microbiology of patients is not known. The exact microbiology was not known for all of these patients ( Table 1) . As S. pneumoniae is the main causative pathogen of CAP, it may be hypothesized that the greater absolute counts of NK cells in that study population may be related to the different stimulation of the immune system by Gram-positive cocci and by Gram-negative bacteria. Thorough analysis of data of the present study failed to document the existence of such differences (Figures 5, 6, 7 and 8) . A link between the type of bacterial pathogens and subsets of lymphocytes in sepsis has been shown in a study enrolling a limited number of patients. More precisely, 10 patients with Gram-positive sepsis were compared with 10 patients with Gram-negative sepsis. Absolute counts of NK cells, CD4-lymphocytes and CD8-lymphocytes were estimated. No differences were found within the first 24 hours; however, NK cell count was greater among patients with sepsis of Gram-positive origin than among patients with Gram-negative sepsis on days 7 and 14 [23] .
Regarding early changes of the adaptive immunity, it was found that the absolute counts of CD8-lymphocytes are particularly elevated among patients with sepsis due to intraabdominal infections than other types of infection. A decrease of CD4-lymphocytes of patients with CAP or intraabdominal infections and severe sepsis/ shock was found compared with CAP or intraabdominal infections and sepsis. The rate of apoptosis of CD8-lymphocytes was also decreased among patients with intraabdominal infections and severe sepsis/shock compared with patients with intraabdominal infections and sepsis.
Early T-lymphopenia occurs in sepsis due to the migration of cells from the systemic circulation to the infection site [24, 25] . Several studies of experimental sepsis in mice have shown that CD4-lymphocytes play a pivotal role in the attempt to withhold infection spread and to format an abscess [25] [26] [27] . CD4-lymphocyte counts have also been described to be lower among patients with sepsis due to VAP than among patients with sepsis due to other types of infection [16] . Early changes of the adaptive immune system also involved B-lymphocytes. They were decreased among patients with CAP and severe sepsis/shock compared with patients with CAP and sepsis.
Main limitations of the present study are: a) the lack of information about the expression of TLRs on blood monocytes; b) limited information about the microbiology of patients with CAP; c) lack of information about the kinetics of subsets of lymphocytes over follow-up of the enrolled patients; and d) the smaller number of enrolled patients with primary bacteremia and VAP/HAP compared with the other types of infections that may not allow for some differences in cell populations to be shown. Despite these limitations, it may be hypothesized that early statuses of the innate and of the adaptive immune systems during transition from sepsis to severe sepsis/shock differ according to the underlying type of infection. In the field of acute pyelonephritis expression of HLA-DR on monocytes, the rate of apoptosis of monocytes and the rate of apoptosis of NKT cells decrease; in CAP absolute counts of NK cells, CD4-lymphocytes, CD8-lymphocytes and B-lymphocytes decrease; in intraabdominal infections absolute counts of CD8-lymphocytes and the rate of apoptosis of CD8-lymphocytes decrease; in primary bacteremia the rate of apoptosis of NKT cells increase; and in VAP/HAP the rate of apoptosis of NKT cells and of NK cells increase. However, factors such as prolonged stay in the ICU and co-morbidities may also play some role in these differences. The bacterial origin of sepsis does not seem to be involved in these differences. The great majority of isolated pathogens were Gram-negatives and no connection was found between the bacterial origin of sepsis and the estimated parameters ( Figures 5, 6, 7 and 8 ). 
Conclusions
The presented results reveal that major differences of the early statuses of the innate and adaptive immune systems exist between sepsis and severe sepsis/shock in relation to the underlying type of infection. These results may have a major impact on therapeutics so that the strategy of therapeutic immunointervention may be directed by the type of underlying infection.
Key messages
• Early statuses of the innate and adaptive immune system in patients with sepsis differ according to the underlying type of infection.
• These differences are particularly found on transition from sepsis to severe sepsis/shock.
Abbreviations ANOVA: analysis of variance; APACHE: acute physiology and chronic health evaluation; CAP: community-acquired pneumonia; EDTA: ethyldiamine tetracetic acid; HAP: hospital-acquired pneumonia; NK: natural killer; PAMPs: pathogen-associated molecular patterns; PBS: phosphate buffered saline; PRRs: pattern recognition receptors; SE: standard error; TLR: toll-like receptor; VAP: ventilator-associated pneumonia. 
